Abstract. Mass spectrometry imaging with desorption electrospray ionization mass spectrometry (DESI-MS) is used to characterize cancer from ex vivo slices of tissues. The process is time-consuming. The use of tissue smears for DESI-MS analysis has been proposed as it eliminates the time required to snap-freeze and section the tissue. To assess the utility of tissue smears for rapid cancer characterization, principal component analysis (PCA) was performed to evaluate the concordance between DESI-MS profiles of breast cancer from tissue slices and smears prepared on various surfaces. PCA suggested no statistical discrimination between DESI-MS profiles of tissue sections and tissue smears prepared on glass, polytetrafluoroethylene (PTFE), and porous PTFE. However, the abundances of cancer biomarker ions varied between sections and smears, with DESI-MS analysis of tissue sections yielding higher ion abundances of cancer biomarkers compared with smears. Coefficient of variance (CV) analysis suggests DESI-MS profiles from tissue smears are as reproducible as the ones from tissue sections. The limit of detection with smear samples from single pixel analysis is comparable to tissue sections that average the signal from a tissue area of 0.01 mm 2 . The smears prepared on the PTFE surface possessed a higher degree of homogeneity compared with the smears prepared on the glass surface. This allowed single MS scans (~1 s) from random positions across the surface of the smear to be used in rapid cancer typing with good reproducibility, providing pathologic information for cancer typing at speeds suitable for clinical utility.
Introduction
M olecular imaging with desorption electrospray ionization mass spectrometry (DESI-MS), a technique in which charged microdroplets of solvent impacting the flat surface of sample desorb and ionize its molecular components [1] , is widely used to image the chemical composition of cancer tissue [2] [3] [4] [5] [6] . The technique requires thin (~10-20 μm) slices of snapfrozen tissue mounted on a glass slide, and integrates well with the existing workflow of other intraoperative pathology methods such as staining and microscopy analysis that routinely use cryosectioned tissue slices.
DESI-MS imaging of tissue slices is particularly useful in delineating cancer margins [4, 5, 7] . To assess the tumor margin, a spatial distribution map of observed cancer biomarker ions is first determined by DESI-MS. This map is then used to characterize the cancer tissue and its borders (margins). It must be emphasized that obtaining an entire DESI-MS image of a sample is a slow process, requiring up to 2 h for a tissue slice 1 cm 2 in area at a resolution of 100 μm. DESI-MS imaging is also widely used for the discovery of cancer MS profiles [3] [4] [5] [6] 8] , as the MS ion images can be
Correspondence to: Arash Zarrine-Afsar; e-mail: arash.zarrine.afsar@utoronto.ca directly correlated with Bground truth^pathology images to identify the MS profile that correlates most closely with the tumor site. Spatially resolved ion images are thus first aligned with histology images to determine the cancer regions, which are then investigated for the presence of cancer-specific biomarker ions that are absent from the background healthy tissue [9] . Results are often validated using independent samples to boost statistical significance. High resolution MS or LC-MS methods using tissue extracts are also employed to corroborate the results of MS imaging approaches. This guidance from pathology also allows the confounding effect of intratumoral heterogeneity, such as necrosis or stroma, to be taken into account, such that the MS profile of these substructures can be determined and subsequently excluded from the proposed MS profile of the cancer cells [10, 11] .
While ambient MS imaging methods such as DESI-MS have made a valuable contribution to cancer characterization as detailed above, spatially resolved MS ion images are not required in instances where only the presence of cancer is being investigated. Here, to assess presence of cancer or to reveal its subtype(s), MS profiles alone are sufficient. In cancer typification and grading, it is not necessary to use tissue sections for DESI-MS profiling as the spatial information is not sought. DESI-MS is capable of detecting cancer biomarker ions in the smear of cancer tissue prepared without time-consuming sample mounting and sectioning steps [3, 6, 12] . Therefore, in this regard, reasonable agreements between DESI-MS profiles of cancer from tissue smears and tissue sections have been reported [6, 12] . For quantitative assessment, canonical correlation analysis [13] of the agreement between DESI-MS profiles of tissue sections and smears of brain tissue found the DESI-MS profiles to be nearly identical [6] . While these studies provide a proof-of-concept demonstration of the utility of tissue smears in identifying consistent DESI-MS profiles, changes in the ion abundances between DESI-MS profile of smears and sections have been noted [6, 12] . Multivariate statistical analysis methods can now identify subtle changes in the ion abundance values caused by pathologic transformation [9] . Therefore, any method or substrate surface used to obtain DESI-MS spectra from tissue smears must be examined for reproducibility, variation, and potential signal suppression, as subtle variations can be identified as statistically significant. The use of smears on various surfaces must be scrutinized for reproducibility further than just presence or absence of single m/z values before the technique is implemented for biomarker discovery or clinical use.
The ultimate application for smear analysis techniques would be to characterize cancer in patient samples to aid rapid clinical decision-making. As the use of tissue smear analysis with DESI-MS must be reliable and reproducible, the work discussed in this manuscript provides an in-depth assessment of the utility of tissue smears in rapid DESI-MS profiling. Specifically, we used principal component analysis (PCA) to quantitatively examine the statistical differences between the DESI-MS profiles of tissue sections and tissue smears, a feat not reported in the proof-of-concept studies mentioned above. We examined reproducibility, limit of detection, and signal to noise parameters for this novel analytical technique. We further investigated the utility of tissue smears prepared on the two most commonly used surfaces in DESI-MS studies [14] , glass and polytetrafluoroethylene (PTFE) materials. PTFE is a chemically inert surface that could be made porous. The porosity may further aid in the capture and better adhesion of tissue or tissue material [15] with potential applications in enhancing DESI-MS signal stability as seen for analogous porous silicon surfaces [16] . The homogeneity of the smear, the robustness of MS profile, and the variations in the ion abundances were investigated. Lastly, we examined the possibility of combining the most rapid sample preparation workflow (i.e., tissue smear) with the most rapid MS analysis (i.e., single MS scan on the instrument used) to achieve the fastest analysis in cancer typification with DESI-MS.
Experimental

Animal Studies
The MDA-MB-231 triple negative human breast cancer tumors model was established in female severe combined immunodeficient (SCID) mice (Harlan, Indianapolis, Indiana, USA). The mice were inoculated in their left inguinal mammary fat pad with 4 × 10 6 cells in a volume of 30 μL [DMEM +10% FBS (GIBCO, Burlington, Ontario, Canada)]. The animals were then housed for 2-3 wk to allow the primary tumor to reach a volume >250 mm 3 (calliper measurements). Primary tumors were surgically removed and then flash-frozen over liquid N 2 vapor and stored at −80°C for sectioning. All animal studies were conducted in accordance with institutional guidelines and approved Animal Use Protocol (University Health Network, Toronto, ON, Canada).
Tissue Sample Preparation
Frozen tumors were mounted onto a metal specimen holder with a small amount of optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, California, USA). Serial slices with a thickness of 10 μm were prepared using a CM1950 cryostat (Leica, Wetzlar, Germany) and mounted onto Superfrost Plus microscope slides. The slides were stored at −80°C until imaged with DESI-MS.
Smear Tissue Preparation
The remainder of the tumor sectioned for DESI-MS imaging was divided into three pieces of~8 mm 3 tissue volume. One piece was smeared on a commercial glass slide with polytetrafluoroethylene (PTFE) spots (Waters, Milford, MA, USA) using a glass slide to spread the tissue, as performed within the workflow of rapid intraoperative pathology. The same process was repeated to prepare a smear of the second piece of the same tumor on the surface of a porous PTFE foil (Berghof, Germany), 1 mm thick, and the third piece was smeared on a Superfrost Plus glass microscope slide. The smears were analyzed by DESI-MS imaging and point scan DESI-MS profiling at random locations on the surface of the smear, without feedback from imaging. The profile was investigated for the presence of cancer biomarker ions, and the entire surface of the smear was then imaged to provide proofof-concept assessment of the homogeneity of the smear.
DESI-MS and DESI-MS Imaging Experiments
DESI-MS experiments were performed on a Xevo G2XS quadrupole-time-of-flight mass spectrometer (Q-TOF-MS, Waters). The glass slides containing samples (sections and smears) were mounted on a 2-D moving stage and subjected to DESI-MS analysis in the negative ion mode over the mass range m/z 200 to 1000 using a commercial, re-engineered DESI-MS interface (Waters). A 1:1 mixture of acetonitrile and dimethylformamide (HPLC-MS grade, Sigma Aldrich, Oakville, ON, Canada), containing leucine enkephalin (150 pg/μL) for correction of m/z values, was used as the spray solvent, and delivered at a flow rate of 1 μL/min. The sprayer-to-surface distance was 1.0 mm, the sprayer to inlet distance was 5 mm, and incident spray angle was The results of morphometric, automated segmentation of H&E image is shown for the last tissue slice. Here, the object recognition algorithm of the digital pathology platform from Definiens was 'trained' using a small amount of ROIs containing breast cancer cells, as well as ROIs containing heterogeneity (empty space, necrosis or stroma such muscle, vasculature, collagen, nerve cells, etc.). The solution was applied to the entire image, illustrating cancer cells in yellow and heterogeneity in black. As shown here, this tumor was fairly homogenous predominantly comprised of cancer cells set to 68°. The source parameters were 150°C capillary temperature, 3.6 kV capillary voltage, and nitrogen spray at 100 psi. Tissues were raster-scanned at a constant velocity in the range of 100 μm/s, with a scan time of 1 s, at a spatial resolution of 100 μm. Spectra were recalibrated for high mass accuracy using the accurate mass of leucine enkephalin in the solvent spray.
Principal Component Analysis
Average spectra from 26 distinct regions of interest (ROI) from 12 serial tumor slices were obtained through the HDI software (Waters), from which a list of ions was extracted (i.e., data points). The m/z values were corrected to two decimal points. Using MetaboAnalyst (http://www.metaboanalyst.ca) at a mass tolerance of 20 ppm, the spectra were corrected for the missing values using Probabilistic PCA. Normalization by sum and scaling by the Pareto method were applied [17] . Scores plot and box plots (indicating normalized ion intensity) were extracted from the PCA runs and presented here without further modifications [18] . The box plots are shown for the ions seen in breast cancer [5, 11, 19, 20] .
Digital Pathology and Segmentation of Images
Hematoxylin and eosin (H&E) pathology images in the form of pyramid files with 20× magnification images of the H&E stained slides (pixel resolution of 0.5 microns/pixel), were imported into Tissue Studio (Definiens AG, Munich, Germany). A machine-learning algorithm was used to classify tumor cells from necrotic cells, stroma, and empty spaces using a dataset of manually assigned ROIs. These classifications were then applied to the entire tissue section through deconvolution of the hematoxylin signal to provide a segmentation that illustrates the spatial distribution of cancer cells and tumor heterogeneity.
Results and Discussion
To examine whether DESI-MS could be reliably used in existing workflows of rapid intraoperative pathology that use tissue smears, we requested a pathologist to create smears of a murine human breast cancer xenograft tumor on three distinct surfaces exactly as performed during an intraoperative case. We did not use the spreading device reported previously to prepare smears suitable for DESI-MS analysis [6] . We used three surfaces; a glass slide, a custom-designed DESI-MS slide bearing spots of imprinted PTFE material, and a slide made entirely out of porous PTFE, cut to fit in the bed of our DESI imaging stage (76 × 26 mm). We then performed DESI-MS analysis to acquire MS spectra from various random positions on the surface of tissue smears, and then subjected the entire smear area to DESI-MS imaging to reveal homogeneity of ion abundances. The distributions of cancer biomarker ions in the resultant DESI-MS images of 12 consecutive 10 μm tissue slices, shown in Figure 1 , are consistent with pathology (H&E) and previous observations [5, 11, 19, 20] . Figure 1 displays − that are present in the viable and necrotic regions of breast cancer, respectively [21] . In this study [21] , the spatial distribution of m/z 572.48 and 391.25 using DESI-MS imaging was determined and found to correlate with necrotic and viable cancer sites, using a murine xenograft model of breast cancer from the aggressive LM2-4 cell line. Same spatial correlation patterns for these two markers held in other independent xenograft tumors examined for validation.
The average spectra from these 12 images (two ROI each) were obtained at random positions. The size of each ROI was 4 mm 2 and was consistent between slice and smear comparisons. Each ROI was imaged in~6 min, which is a clinically suitable time scale. This tumor was largely devoid of significant heterogeneity (Figure 1, H&E images) . We further subjected the H&E image of tissue slice to automated morphometric analysis using a digital pathology and image analysis package that used object recognition from a training set of manually assigned ROIs to provide automated segmentation of the H&E image based on the pathologic features Figure 2 shows the representative DESI-MS spectra of the breast cancer tissue smear and compares them to the DESI-MS profile of a breast cancer tissue slice obtained from the second half of the tumor that was used to produce the smears. We used 12 serial slices for DESI-MS imaging and prepared the smear from the second half of the same tumor. The breast cancer biomarker ions listed above are detected in tissue smears, albeit with different abundances compared with the tissue slice. The abundances of the biomarkers ions of m/z 391.25 and 572.48 previously seen in our laboratory [21] in xenograft breast cancer tumors prepared from the metastatic cell line LM2-4 also differ between smear and slice measurements. Further variations in the abundance of these biomarker ions were seen between tissue smears prepared on different surfaces (Figure 2 ). Most interestingly, even after the optimization of DESI geometry to the best of our abilities, the total ion current obtained under identical and optimized solvent conditions were lower from tissue smears compared with tissue sections. This variation may be related to uneven surface properties of smears compared with sections rendering the DESI process inefficient, or be due to poor adhesion of smear material to substrate surface resulting in less optimal desorption upon contact with the solvent spray [22] .
We also collected DESI-MS spectra from 24 regions of interest (ROI)~4 mm 2 in size within tissue smears prepared on glass, PTFE, and porous PTFE surfaces. We collated spectra from two comparably sized ROIs from each of the 12 serial 10 μm slices of the same tumor subjected to independent DESI-MS runs. We then used PCA to determine whether any statistical discrimination could be noted between the DESI-MS profile of breast cancer from tumor smear and the DESI-MS profile of breast cancer from slices of the same tumor. PCA is an unsupervised statistical analysis method used in the analysis of MS imaging datasets, revealing latent features that contribute to statistical discrimination between otherwise identical samples. Figure 3 shows the resultant PCA scores plot. The data points corresponding to the average spectra from ROIs of all tissue smears clustered to the same area, exhibiting a relatively narrow distribution range compared with the average spectra from tissue slice ROIs. The data from tissue slice ROIs Figure 3 . PCA analysis of breast cancer MS profiles from tumor smears. The PCA scores plot suggests no statistical discrimination between MS profile of breast cancer from tissue smear (n = 24 ROI) and the profile from tissue sections (n = 26 ROI). The PCA scores for components 1, 2 are determined from the entire spectra (i.e., all m/z values). The highlighted area for each component corresponds to a confidence interval of 95%. The error bars indicate variance in the data. Smear data points cluster to a smaller area suggesting a statistical averaging of the intrinsic tumor heterogeneity that results in a wider distribution of the average spectral data points in tissue sections. The box plots indicate changes in the relative intensity of biomarker ions implicated in breast cancer from previous works [5, 11, 19, 20] . Here, the bottom and top of each box is the first and third quartile, the median (the second quartile) is depicted with the line in the middle of the box. The end of each whisker represents datum within 1.5 interquartile range, and outlier data points not included in the analysis are depicted with open circles indicating the range of variation seen in the data points [17, 18, [26] [27] [28] exhibited a wider range of distribution between the first and the second principal components ( Figure 3 ) compared with smears. This result is expected. A tissue smear provides a statistical averaging of potential spatial biological heterogeneities that may cause the wide distribution of spectral data points in the PCA of ROIs from the tissue slice. However, within the confidence interval of the PCA given in Figure 3 (highlighted area), the spectral data points of the smear ROIs fall within the variation range seen in the average spectra of tissue slices. This indicates that there is no significant statistical difference between the DESI-MS profile of breast cancer from tissue slices and tissue smears. The PCA box plots (Figure 3) , on the other hand, indicated variations in the cancer biomarker ion abundances between the tissue smear and tissue slice. PCA scores plot reveals statistical difference between MS profiles using the entire m/z values presented in the spectra. However, within grossly identical DESI-MS profiles it is still possible to find m/z values that show statistically significant changes in abundance between samples. These changes are insignificant compared with the collective behavior of all m/z values in the spectra to render the entire profiles statistically different. Glass and PTFE surfaces provided cancer biomarker ion abundance values that were closest to those obtained from the tissue section (see box plots in Figure 3 ). In contrast, the porous PTFE provided the weakest ion abundances that were most drastically different from those obtained with tissue sections, even under identical (and also under optimized) DESI collection geometry, solvent, and MS acquisition parameters. Most importantly, for porous PTFE the magnitude of deviation was not consistent across all cancer biomarker ions, ranging from 5-to 25-fold less in comparison to the abundances seen from tissue sections.
Coefficient of variance (CV) analysis is often used to assess the reproducibility of MS data acquired and has also been used in DESI-MS for the same purpose [23, 24] . The ratios of the ions of m/z 281.25 to m/z 283.26, the two most abundant ions in tissue, can be used to indicate the degree of reproducibility in MS profiles obtained from tissue smears [23] . The CV values for 24 ROIs (4 mm 2 ) from the surface of the tissue smears on porous PTFE was 14% (intra-sample variations). This value is small and indicates high reproducibility. The CV value from the same number of ROIs on the surface of 12 tissue sections subjected to independent DESI-MS analysis runs, on the other hand, was only slightly higher at 23%. Therefore, the reproducibility of DESI-MS profiles from smear samples is not drastically different from that of the tissue sections subjected to independent DESI-MS analysis runs. The marginal improvement in the CV seen with smear samples, however, could be To evaluate the stability of the DESI-MS solvent spray as an indication for instrument variation, the intensities of the two major ions of m/z 311.17 and 325.19 observed on glass/PTFE surface were monitored during the course of DESI-MS data acquisition. A low CV value of 12% was determined for DESI solvent spray during independent DESI-MS analysis runs of 12 tissue sections, suggesting stable solvent spray during data acquisition. DESI-MS solvent spray variations (12%) contribute to more than 50% of the CV value of 23% observed for DESI-MS profiles from tissue sections. In contrast, the DESI-MS solvent spray variations were only~1% for a continuous DESI-MS run within the same PTFE surface, consistent with similar observations that surface porosity enhances spray stability [16, 25] .
The reproducibility of smear sample preparations can be assessed through independently preparing multiple smear samples from the same tumor and subjecting them to independent runs of DESI-MS analysis. Twenty-four ROIs were collected from 12 independent smear preparations (n = 12), and suggested a CV value of 35%, with spray solvent stability variations exhibiting a CV value of 20%. Therefore, an inter-sample variation on the order of 15% is expected for smeared tissue.
This value is very close to CV of 14% for intra-sample variations and likely reports on variations in the smear homogeneity seen on the surface of porous PTFE. Note that the large increase in CV of spray on PTFE surface from 1% for a single DESI-MS run and 20% for independent DESI-MS is likely a combination of intrinsic variations in surface properties of the custom made PTFE material used, and must be further investigated.
As judged by the DESI-MS images of tissue smears, both regular and porous PTFE surfaces provided smears that were relatively homogenous compared with the glass surface (Figure 4 ). This homogeneity allowed rapid cancer characterization from single MS scans from random positions on the PTFE surface rather than imaging or averaging the spectra over large ROIs. This is advantageous as both imaging and data collection from large ROIs are time-consuming processes that are especially hindering in a clinical intraoperative setting. We collected MS spectra from randomized ROIs corresponding to single MS scans (~1 s acquisition) from the PTFE surface in an overall analysis time of less than 1 min, including the preparation of the smear that took only 30 s. Figure 5 shows the results of cancer typification at the limit of speed in analysis by combining the most rapid method of sample preparation (tissue smear) on an optimal surface [5, 11, 20] are detectable in single pixel spectra. For better visualization, all peaks were scaled together to 100% and IC values are displayed for each spectrum (PTFE) with the most rapid MS acquisition method (in a single MS scan). As shown here, single MS scan data collection for 1 s from 24 random ROIs on the PTFE surface yielded MS profiles that contained all of the major characteristic breast biomarker ions [5, 11, 20] necessary for breast cancer assignment in an overall analysis time of less than 1 min. The utility of smear samples for more detailed analyses such as in providing subclass assignment of breast cancer heterogeneity using human samples [11] is to be evaluated. However, we did not detect a drastic reduction in the number of m/z peaks detectable from smear samples compared with those accessed through tissue section DESI-MS analysis. The presence of common m/z values in both spectra is further buttressed by lack of statistical difference, suggested by PCA. A potential pitfall may arise in the case of a non-uniform smear material resulting in no MS signal. Here we minimized the chance of failure of the workflow by using a PTFE surface, allowing reliable single scan MS profiling and typification of cancer in less than 1 min of overall sample preparation and analysis time.
Single pixel DESI-MS data provides an opportunity to assess a limit of detection for the smear profiling method. A single DESI-MS pixel at 100 μm resolution provides signal that is averaged over~40 cancer cells. Figure 5 compares representative single pixel smear spectra with single pixel spectra from tissue sections. The ion current (IC) value is not drastically different between the two, which suggests a very similar sensitivity and limit of detection for the two techniques. Here, for illustrative purposes, we also display the additional representative spectra and IC for breast cancer markers for five of the total 24 randomly chosen positions on the surface of tissue smear/sections. The spectra show good signal to noise ratios that are comparable between smears and tissues. In addition, the fold change variations in the IC of breast cancer markers detectable from single pixel tissue smears and tissue sections are comparable. To add more precision to this argument, single pixel DESI-MS profiles from tissue sections (n = 24) exhibited a CV value of 33%. The CV value of the DESI-MS profiles from smear samples was 29%. Therefore, the variations seen at the single pixel level between smears and sections were close in magnitude. The CV value of the DESI-MS solvent spray for the tissue sections was 30%. This indicates that almost all of the variations seen in the single pixel DESI-MS data could be accounted for by solvent spray stability on this length scale, which is the largest contributing factor to overall instrumental variations in DESI-MS analysis. The DESI-MS solvent spray was slightly more stable on the porous PTFE surface, resulting in a solvent spray CV value of 12% at single pixel resolution. This observation is consistent with recent findings reported by the Ifa group that porous surfaces prevent splashing of the DESI-MS solvent spray and provide a more stable solvent spray with implications for enhanced analysis of imprinted analytes [16, 25] .
In summary, rapid profiling and characterization of cancer is possible with DESI-MS using tissue smears prepared on a suitable substrate. Pending on the degree of homogeneity of the smear, cancer characterization can be achieved at the fastest limit of the speed of detection with a single MS scan. Coupling this method with the most rapid workflow of intraoperative pathology (i.e., tissue smear) enables rapid DESI-MS profiling for cancer typification (pathologic information) on a timescale suitable for clinical utility, and considerably faster than currently possible with intraoperative histology methods.
